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ABSTRACT

The Ocean Color/Chlorophyll EDR contains chlorophyll concentration that is retrieved from
remote sensing reflectances in the visible wavelength bands of the Visible/Infrared
Imager/Radiometer Suite (VIIRS). These reflectances are determined from measured top-of-
atmosphere (TOA) radiances by the atmospheric correction over ocean algorithm. We use the
Case 2 chlorophyll a algorithm developed by Carder et al. (1997) for use on MODIS data. This
algorithm is based on a semi-analytical, bio-optical model of remote sensing reflectance, R.s(4),
where remote sensing reflectance is defined as the water-leaving radiance divided by the
downwelling irradiance just above the sea surface. The model has two free parameters—the
absorption coefficient due to phytoplankton at 672 nm, apn(675), and the absorption coefficient
due to gelbstoff at 400 nm, a4(400). The model has many other parameters that are fixed, or are
specified based on the region and season of the VIIRS scene.

Rs(4) is modeled in the visible VIIRS bands. R¢(1) values at 412, 445, 488, 555, and 672
wavelengths are retrieved from the atmospheric correction agorithm and put into the model. The
mode! is inverted and a,n(675) and ay(400) are computed. Chlorophyll a concentration is then
derived simply from the apn(675) value. The algorithm also outputs the total absorption
coefficients, a(4), and the phytoplankton absorption coefficients, ap(4), a the visible VIIRS
wavelengths. No ancillary data are required. Future versions of the algorithm may use sea
surface temperature for setting model parameter values. In highly turbid waters, an empirical
Rs(488)/Rs(555) ratio algorithm is used instead of the R(4) model to estimate chlorophyll
concentration.
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1.0 INTRODUCTION

1.1 PURPOSE

This Algorithm Theoretical Basis Document (ATBD) describes the algorithm used to retrieve
chlorophyll a concentration, a Visible/Infrared Imager/Radiometer Suite (VIIRS) Level 2
product, contained in the Ocean Color/Chlorophyll EDR. Chlorophyll concentration is measured
in mg/m® units and retrieved from water-leaving reflectances. This document describes the
physical theory and mathematical background of the algorithm, provides implementation details,
and identifies assumptions and limitations of the adopted approach.

1.2 SCOPE

This document covers the algorithm theoretical basis for the retrieval of chlorophyll a
concentration from water-leaving reflectances. Section 1 describes the purpose and scope of the
document. Section 2 provides an experiment overview. The algorithm description is presented in
Section 3. Section 4 summarizes assumptions and limitations. References for publications cited
in the text are given in Section 5.

1.3 VIIRS DOCUMENTS

References to VIIRS documents are indicated by #Y numbers in itaicized brackets, eg.,
[#Y2408].

[#Y1296] VIIRS Sensor Requirements Document, Technical Requirements Document, 1997.

[#Y2408] Ocean Color/Chlorophyll Visible/Infrared Imager/radiometer Suite Algorithm
Theoretical Basis Document, Version 5, 2002

[#Y2411] SRBS Document, Version 5, 2002
[#Y2476] VIIRS Ocean Module Level Software Architecture Document
[#Y3227] VIIRS Ocean Color Unit Level Detailed Design Document

[#PS154640-101A] VIIRS Sensor Specification Document

1.4 REVISIONS

The first version of this document was completed in October 1998. The second version was
dated June 1999. The third version was completed in May 2000. The fourth version of this
document, dated May 2001, included additions to the Algorithm Input section, a table added to
section 2.2 describing the VIIRS bands used in the SDR, and a table added to section 3.2.1 which
describes the flags used to generate the level 2 product. Thisisthe fifth version of this document.
The lists of flags and VIIRS bands have both been updated. Additionally, section 3.3.4 has been
added which describes the potential enhancement to the chlorophyll retrieval agorithms using
VIIRS Bulk SST data as input.

Raytheon SRBS Document # Y 2408 1
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2.0 EXPERIMENT OVERVIEW
2.1 OBJECTIVES OF OCEAN COLOR/CHLOROPHYLL RETRIEVALS

The required Environmental Data Record (EDR) is the concentration of chlorophyll in a vertical
column of the surface layer in the ocean. Ocean color, as measured by the radiance reflected by
the ocean in a number of narrow visible bands, is used to infer chlorophyll concentration [#
Y1296]. The main objectives of chlorophyll retrievals are:

e To provide the scientific community with operational data for quantification of the ocean’s
rolein the global carbon cycle and other biogeochemical cycles

e To acquire global data on marine optical properties with emphasis on frontal zones and
eddies

e Toidentify bioluminescence potential in different ocean areas.

With respect to remote sensing, two main types of seawater have been defined (Morel and
Prieur, 1977; Gordon and Morel, 1983). Case 1 waters are characterized by a strong correlation
between scattering and absorbing substance concentrations and the chlorophyll a concentration.
The open ocean surface water is typical Case 1 water. The strong correlation is due to the fact
that al the substances originate in biological processes. A primary source of the substances is
photosynthesis of marine phytoplankton. Case 1 waters can be characterized by a single
parameter—chlorophyll concentration. Case 2 waters are characterized by a lack of any
correlation between scattering and absorbing substance concentrations and chlorophyll a
concentration. Coastal waters are often referred to as Case 2 waters. Marine phytoplankton is not
the dominant, optically active water substance. Particulate matter and colored dissolved organic
matter (DOM), which do not always co-vary with chlorophyll, aso affect seawater optical
properties. Case 2 water can be referred to as multiparameter water; its optical properties are
described by a set of parameters. It must be acknowledged that this classification concept is
somewhat idealized because, in redlity, all waters belong to an intermediate case.

2.2 INSTRUMENT CHARACTERISTICS

The retrieval of ocean EDRs is based on bio-optical algorithms using the spectral reflectance of
the seawater column in the visible spectral region. VIIRS has five spectral bands in the visible
region [Table-1]. Bandwidths are equal to 18 nm for the second band and 20 nm for other bands.
These bands have SeaWiFS and MODIS heritage. Table 1 gives the VIIRS bands used in the
Ocean SDR and EDRs. The bio-optical algorithms retrieve the Ocean Color/Chlorophyll EDR
from remote sensing reflectance of seawater that is the output of atmospheric correction
algorithms. The atmospheric correction algorithms make use of near infrared (NIR) bands.
VIIRS has two NIR bands. They are located at wavelengths 746 and 865 nm. Their bandwidths
are 15 and 39 nm respectively. In contrast to SeaWiFS, the first VIIRS NIR band was shifted and
narrowed to avoid oxygen absorption at 762 nm. The SeaWiFS NIR band at 765 nm includes the
762 nm oxygen absorption band. Possible interaction between oxygen absorption and scattering
of thin cirrus clouds significantly degrades the performance of the SeaWiFS atmospheric
correction.

Raytheon SRBS Document #: Y 2408 3
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Table1l. VIIRSBands Used to Processthe Ocean EDR’s.

Wavelength | Bandwidth | Lyp (W m?um™ s Primary use
(nm) (nm)
412 20 449 Dissolved organic matter
(including Gelbstoffe),
absorbing aerosols
445 18 40 Chlorophyll absorption
488 20 32 Pigment absorption (Case 2)
555 20 21 Pigments, optical properties,
sediment
672 20 10 Atmospheric correction and
sediments
746 15 9.6 Atmospheric correction,
aerosol radiance
865 39 6.4 Atmospheric correction,
aerosol radiance.

Raytheon SRBS Document #: Y 2408 4
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3.0 ALGORITHM DESCRIPTION
3.1 OVERVIEW AND BACKGROUND

All agorithms for retrieval of seawater constituents from spectra reflectance (or water color
spectrum) can be divided into two main groups. The first group is referred to as empirical
algorithms. They are based on the empirical correlation between radiance band ratios and water
constituent concentrations. The radiance band-ratio methods for determining the phytoplankton
pigment concentration have been shown to be useful in global mapping of the ocean
phytoplankton pigments (Gordon et al., 1983).

A typical example of the empirical approach isthe CZCS basic algorithm (Gordon et al., 1983):
logC; = 0.053—-1.71logr(1,3) if Ci<15 0or C;>15 hut C;<15 Q)
logC, =0.522 —2.44logr(2,3) if C;>15 and C,>15

where C; or C; is the total pigment concentration, i.e., the sum of the concentrations of
chlorophyll a and phaeopigments, and r(1,3) =L, (443)/L,(550), r(2,3) =L, (520)/L,(550)
are ratios of water-leaving radiances in CZCS spectral bands. Pigment retrievals from CZCS data
in Case 1 waters have achieved reasonable results, i.e., accuracy within £40% for best cases.

However, the retrieval of pigment concentration may be less than 100 percent accurate for Case
2 waters (Carder et al., 1991).

The SeaWiFS basic chlorophyll a algorithm is another example of an empirical approach. It is
expressed as a cubic polynomial (O’ Reilly et al., 1998):

log(C — Co) = Ag + Aqr + Aor? + Agr® 2)

where Cp and A , i=0,1,2,3, are empirica coefficients, and r=log[R (488)/R.s(555)]. Rs is
remote-sensing reflectance, the ratio of water-leaving radiance to downwelling irradiance just
above the sea surface. The new coefficients for the SeaWiFS chlorophyll a algorithm (as of
September 1998) are: Cp =-0.0929 mg/m°®, Ay =0.2974, A; =-2.2429, A,=0.8358, As =-0.0077
(Maritorena, 1998).

A newer OC-4 SeaWiFS empirical algorithm has been developed by O’ Rellly, (2000).

These simple empirical algorithms are not reliable for Case 2 coastal waters. In such cases the
second group, so-called analytical (or semi-analytical) algorithms, may be promising. Analytical
algorithms use a reflectance model as well as a spectral model of the inherent optical properties
(I0Ps). The 10Ps of water constituents are derived from inversion of the reflectance model. The
inversion of the reflectance model can be performed either by direct solution of reflectance
model equations or by minimization of the spectral difference between measured and model ed
reflectance spectra:

Raytheon SRBS Document #: Y 2408 5
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2 2
F(Cj):iZ[Ri red—Ri(Cj)] /o, 3)

where F(C)) is the objective function, R=R(4) is the modeled spectral reflectance, C; is the water
constituent concentrations, and o;= o(4) is the spectral weighting function.

There have been many applications of the analytical algorithms to the retrieval of the water
optical properties and constituent concentrations since 1985 (Burenkov et al., 1985; Sugihara et
al., 1985; Carder et al., 1991; Lee et al., 1994; Doerffer and Fischer, 1994; Roesler and Perry,
1995; Hoge and Lyon, 1996; Vasilkov, 1997; Garver and Siegel, 1997). Minimization of the
nonlinear function (Equation 3) was used in Burenkov et al. (1985), Lee et al. (1994), Doerffer
and Fischer (1994), Roeder and Perry (1995), and Garver and Siegel (1997). The minimization
of a nonlinear function of several variables may be computationally expensive and, if so, it
cannot be used for operational purposes. An alternative approach is based on a direct inversion
technique. The radiance model is transformed into an equation set with unknowns related to
water constituent concentrations. Two nonlinear equations are used by Carder et al. (1991) to
derive the absorption coefficients of chlorophyll and non-co-varying DOM. An exact linear
matrix inversion of a seawater radiance model was recently proposed in Hoge and Lyon (1996).
The least-squares technique to solve an overdetermined system of linear equations was used by
Sugiharaet al. (1985) and Vasilkov (1997).

The algorithm described in the present document is based on the approach of Carder et al. (1991)
and its modification used for the MODIS Case 2 chlorophyll a algorithm (Carder et al., 1997).
The algorithm description in the present document is a brief version of Carder et al. (1997) with
necessary modificationsfor VIIRS.

3.2 ALGORITHM INPUT
3.2.1 Masks and Flags

The RSR IP contains the remote sensing reflectances. There are three masks that are used on
RSR data and they are the cloud/ice mask, water/land mask, and sun glint mask. Table 2 defines
the flags that are used for the chlorophyll data product. The level 2 data product is the Ocean
Color/Chlorophyll EDR and contains the masks, the flags, and Chlorophyll a concentration.
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Table 2 Flags and their definitionsfor the chlorophyll product.

Flag

Description

Land/Water

Land/desert, land/no desert, inland water, sea water, or coastal.

Cloud Detection
Result & Confidence
Indicator

The pixel is confident clear, confident cloudy, probably clear, or probably
cloudy.

Adjacenct Pixel
Cloud Confident

The cloudiest adjacent pixel is confident clear, confident cloudy, probably clear,
or probably cloudy.

Value
Non Cloud High atmospheric turbidity indicator (aerosols), making atmospheric correction
Obstruction (Heavy | less reliable. Flag is either yes or no.
Aerosol)
Sun Glint Over If the pixel is contaminated with sun glint, the algorithm used is either geometry
Ocean based, wind speed based, or geometry and wind, or there is no sun glint.
Pixel Quality May be poor due to one or more reasons.

Total radiance
greater than
threshold

If the total radiance greater than threshold, the pixel is not processed.

Absorbing aerosol
index above
threshold

Absorbing aerosol index above a threshold of 0.5.

Shallow Water

Water depth shallower than 30 meters, where bottom reflectance effects may
occur, will be flagged as questionable quality.

Negative water-
leaving radiance

Negative remote sensing reflectance or water-leaving radiance, which may
occur in cloud shadows, very high productivity Case 1 waters or turbid Case 2
waters.

Calculated
Chlorophyll values
are out of range

Calculated chlorophyll values are out of range (0.001-64 mg m™).

Distinguishes Case 1
and Case 2 waters
using an irrad.
reflect. algor.

Distinguishes Case 1 and Case 2 waters using an irradiance reflectance
algorithm.

Coccolithophores

Indicates presence of coccolithophores.

Product Quality

Quality of the chlorophyll product.

Spare

Spare

3.2.2 VIIRS Data

Remote sensing reflectancesin four VIIRS visible bands (412, 445, 488, and 555) are required as
inputs for the chlorophyll retrieval agorithm. The remote sensing reflectances are the output
from the atmospheric correction algorithm. A potentia enhancement to the VIIRS Ocean
Color/Chlorophyll product, #Y 2408, is the use of the VIIRS sea surface temperature EDR as an
indicator of the degree of pigment packaging. Thisis described in further detail in section 3.3.4.

Raytheon
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3.2.3 Non-VIIRS Data

The chlorophyll algorithm does not require non-VIIRS data. Non-VIIRS data sets are needed for
the atmospheric correction agorithm only. They include total ozone amount, atmospheric
pressure, and surface wind velocity.

3.3  THEORETICAL DESCRIPTION OF CHLOROPHYLL ALGORITHM
3.3.1 Radiance and Seawater Optical Properties Models

Many approaches exist to obtain an approximate solution to the radiative transfer equation,
which can serve as the marine reflectance model (Gordon, 1973; Golubitskiy and Levin, 1980;
Zaneveld, 1982; Aas, 1987; and Haltrin and Kattawar, 1993). They are based on two main
physical properties of seawater: First, scattering is highly anisotropic in the forward direction;
and second, seawater is an absorbing medium. They give roughly similar dependence of the
reflectance on the |OPs: the seawater absorption coefficient, a, and the seawater backscattering
coefficient, bp. The simplest version of this dependence can be expressed in the form (Morel and

Prieur, 1977):

R.(4)=const b,(4) (4)

a(A)

The reflectance, not being a seawater 10P, depends also on conditions of the sea surface
illumination. It has been shown that seawater reflectance depends rather strongly on the solar
zenith angle (SZA) in the case of direct sunlight illumination of the sea surface (Kirk, 1984,
Gordon, 1989). However, the total reflectance in the 400-700 nm region only changes from 10 to
15 percent over the entire range of the SZA (Vasilkov and Stephantsev, 1987). This change is
small because the increase of the reflectance for direct sunlight illumination with SZA increasing
is compensated by reduction of the portion of the direct irradiance in the total irradiance.
Changes of spectral ratios of total reflectance are less than about 7 percent over the entire range
of the SZA (Vasilkov and Stephantsev, 1987; Morel and Gentili, 1993).

The total 1OP is the sum of the IOP of pure seawater and of the three maor scattering and
absorbing water substances:

b, (1) = b, (1) + 0y, (1) a(4) = &, (1) +a,,(4) + 8y (4) (5)

where subscripts w, p, ph, and dom denote the pure seawater, the particulate matter, the
phytoplankton pigments, and the DOM respectively. The detritus absorption is included in the
DOM absorption because of its approximately identical spectral dependence (Carder et al.,
1991). The pure seawater absorption coefficient was obtained from Pope and Fry (1997), and
from Sogandares and Fry (1997). Values of the pure water absorption coefficient are notably
below previous values of Smith and Baker (1981). For Case 2 waters this difference in the pure
water absorption coefficient plays aless significant role than for Case 1 waters (Morel, 1996).

The phytoplankton pigment absorption coefficient is normalized through its value at 672 nm:
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ay, () =a,,(675)ay, (4) (6)
The normalized pigment absorption is given as a hyperbolic tangent function:
ayn (1) =25 (4) exp{a, (1) tanh[a, (1) In(a,,, (675) / a;(A))]} ()

where the wavelength-dependent parameters a(4), i=0,1,2,3, are empirically determined. Their
values are given in Table 3 (see Subsection 3.3.3) for the cases of “unpackaged” phytoplankton.
Equation 7 is different from the chlorophyll-specific absorption parameterization proposed in
Bricaud et al. (1995). The latter contains only two wavelength-dependent parameters.

The particulate matter backscattering coefficient and the DOM absorption coefficient are
accepted in the conventional form:

by, (1) =1,(400/2)" 8y (4) = & exp[—k(4 —400)] (8)

where n is the backscatter wavelength ratio exponent and k is the DOM spectral slope. The DOM
spectral slope is set as constant k=0.022 nm™ (Carder, 1999). The Suspended Particulate Matter
(SPM) backscatter parameters are empirically related to the remote-sensing reflectance:

R.(445)
R.(488)

By=X,+X,R(555) n=Yy+Y, 9)

where Xo, X1, Yo, and Y; are empirically derived constants. Their values are adopted the same as
for MODIS and given in Table 4 (Subsection 3.3.3). (A small difference in wavelength of the
green band, 551 nm instead of 555 nm, isignored.) If the value of n is determined to be negative
from Equation 9, it is set to zero.

3.3.2 Inversion Technique

The reflectance model formulated contains three unknowns — ayn(672), ap, and the * constant”
term in Equation 4 — provided the remote-sensing reflectance is known from the VIIRS
atmospheric correction algorithm. Using spectral ratios of the remote-sensing reflectance
eliminates the “constant” term. Two algebraic equations for two unknowns ap,(672) and ag result
from the reflectance ratios:

R.(412) b, (412) a(445) R (445) b, (445) a(555) (10)
R.(445) b, (445) a(412) R.(555) b, (555) a(445)

Chlorophyll a concentration is found from the empirical regression:
C=A[ an(672)]" (12)

Values of regression coefficients are given in Table 4. If the retrieved value of a,n(672) is greater
than 0.03 m, an empirical algorithm is used:
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log(C)= A,+A logr+A,(logr)?+ A,(logr)® (12)

where r=R.{(488)/ R«(555). Values of empirically derived coefficients are given in Table 4.

To avoid the possibility of a two-mode chlorophyll distribution, there should be a smooth
transition in chlorophyll values when the algorithm switches from the semi-analytical to the
empirical method. Thisis achieved by using aweighted average:

C=wC +(1-w)C,, (13)
when the semi-analytical method returns a value of agn(672) between 0.015 and 0.03 m. Here

subscripts sa and emp denote the semi-analytically derived and empirically derived values
respectively, and w=[0.03- ap(672)]/0.015 is the weighting factor.

3.3.3 Empirically Derived Coefficients

Algorithm equations contain a number of empirically derived parameters. Their values are not
meant to be universal. They should be updated as more in situ measurement data become
available. These parameters may also be adjusted for specific regions and seasons to optimize
algorithm performance. Parameter values obtained for regions without packaged phytoplankton
pigments are given in Tables 3 and 4. The values for regions where packaged pigments can be
expected and for the global ocean can be found in Carder et al. (1997).

Table 3 Wavelength Dependent Parameters

Parameter
Iwavelength, nm* 412 445 488 558
a,(1) 2.20 3,59 2.27 0.42
a,(4) 0.75 0.80 0.59 -0.22
*Parameters a,(4) and a,(4) are accepted to be independent of wavelength: a,=-0.5, a,=0.0112.
Table 4 Wavelength I ndependent Parameters
X, X, Y, Y, A B A, A, A, A,
-1.82E-3 2.058 -1.13 2.57 51.9 1.00 0.2818 -2.783 1.863 -2.387
Raytheon SRBS Document #: Y 2408 10
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3.3.4 Potential Pre-Planned Product Improvement

The nitrate depletion temperature (NDT) is that temperature above which nitrate is undetectable
(Kamykowski, 1987). NDT is used as a proxy for nutrients whereby if the SST is more than 2
degrees colder than NDT the pigments are assumed to be highly packaged. If SST is more than 3
degrees warmer than NDT the pigments are assumed to be unpackaged. Using those end points,
anything else may be represented as a weighted average between the two. A parameter table for
the functions can be utilized so that changes in end point characteristics can be implemented
without amgjor code revision (Carder et al. 1999).

The design for implementing this improvement to the ocean color retrieval algorithm is included
in the VIIRS Ocean Module Level Software Architecture document # Y 2476. Additions to the
VIIRS Ocean Color Unit Level Detailed Design document # Y 3227 as well as coding and testing
are needed to implement this improvement. The implementation of this capability will increase
performance of this EDR. This, however, isnot required to meet the system specification.

3.4 ALGORITHM EVALUATION AND SENSITIVITY STUDIES
3.4.1 Algorithm Evaluation

Evaluation of algorithm performance was conducted using in situ measurement data sets.
Algorithm error refers to the dispersion in retrieved values of chlorophyll concentration for a
given true chlorophyll concentration, in cases where measurement errors in water-leaving
reflectance are negligible. This error can be assessed using ship-based measurements of water-
leaving reflectance and in situ measurements of chlorophyll concentration. Details of this
evauation can be found in Carder et al. (1997). Here we present only the main results
concerning root-mean-square (RMS) errors of chlorophyll retrievals. The RMS error is
determined by:

N
Z(Cmod,i /Cobs,i _1)2

RMS=1/-= (14)
N-2

where subscripts mod and obs denote modeled and observed values of chlorophyll concentration,
and N is the number of observations.

For the Carder data subset of the Sea WiFS Bio-Optical Algorithm Mini-Workshop (SeaBAM)
evaluation data sets (O’ Rellly et al., 1998), the chlorophyll a concentrations were predicted with
an RMS error of 0.289 (N=87). The remote-sensing reflectance was derived from hyperspectra
measurements collected just above the sea surface by weighting to ssimulate SeaWiFS band
responses. All chlorophyll a values were determined fluorometrically. For a data set with 17
additional high-chlorophyll stations the prediction of chlorophyll concentration was only slightly
worse, resulting in RMS of 0.300. The algorithm parameters given in Tables 3 and 4 were used
in this evaluation.
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The globa SeaBAM evauation data sets (N=919) were aso used in testing the agorithm.
Because many different locations were involved with the global data collection, an attempt was
made to partition the data sets into two regions, one where little pigment packaging is to be
expected and one where more packaging might be expected. These two subsets will be referred
to as “unpackaged” and “packaged.” The “unpackaged” data set normally corresponds to high-
light, non-upwelling locations in warm, tropical, and subtropical waters. The “packaged” data set
was mainly collected in eastern boundary upwelling and high-latitude regions at non-summer
times.

For the “unpackaged” data set RMS errors in chlorophyll concentration were 0.242 (N=287).
The algorithm parameters used were the same as in Tables 3 and 4. For the “packaged” data the
algorithm parameters a(4), A, B, and A were dlightly changed. The RMS error of 0.282 was
obtained for this data set (N=326).

A “global” average algorithm was also developed for use at times and places where pigment
packaging is unknown or transitional. It was tested on a global data set combining the
“packaged,” “unpackaged,” and other mixed data sets from SeaBAM. A set of compromise
parameters has been developed for the global algorithm. The algorithm predicted chlorophyll
concentration with the RM S error of 0.440 (N=976).

A comparison of the algorithm with the SeaWiFS agorithm (Equation 2) is given in Figures 1
and 2. The Carder algorithm was parameterized for global application.
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Chlorophyll Retrieval Accuracy for SeaBAM Data
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Figure 1. Comparison of the accuracy of chlorophyll retrievals from the Carder algorithm
with the accuracy of chlorophyll retrievals from the SeaWiFS algorithm.

Both agorithms were applied to remote sensing reflectances from the SeaBBAM data set, and
accuracy and precision were calculated within 16 bins of log (in situ chlorophyll concentration)
over therange—1.7 < log (in situ Chl) < 1.5. This corresponds to 0.02 < in situ Chl < 32 mg m3
and includes nearly all of the SeaBAM data. The Carder algorithm gives better accuracy than the
OC2v2 agorithm for 11 of the bins and worse accuracy for 5 of the bins. On average, the Carder
algorithm accuracy values are 3.1% better than the OC2v2 algorithm accuracy values. A more
important point is that the Carder algorithm accuracy is better for low and high chlorophyll
concentrations. Currently, the SeaWiFS algorithm meets the uncertainty requirement of +35%
only within a range of 0.05<Chl<1 mg/m3(Aiken et al., 1998). The Carder agorithm accuracy is
better beyond this range. It should be noted that evaluation of the performance of ocean color
sensorsis not simple. For example, less than 5 percent of in situ data collected for verification of
the SeaWiFS products in different research vessel cruises could meet quality control criteria and
be used for comparison (McClain et al., 1998).
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Chlorophyll Retrieval Precision for SeaBAM Data
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Figure 2. Comparison of the precision of chlorophyll retrievals from the Carder algorithm
with the precision of chlorophyll retrievals from the SeaWiFS algorithm.

The Carder agorithm gives better precision than the OC2v2 algorithm for 3 of the bins and
worse precision for 13 of the bins. On average, the Carder algorithm precision values are 7.5%
worse than the OC2v2 algorithm precision values. Although the Carder algorithm precision is
dightly worse than the SeaWiFS algorithm, the Carder algorithm precision can be improved
potentially by specifying regional values of the pigment packaging parameter. In the future this
could be accomplished by using VIIRS SST data (Carder et al., 1999).

Currently, algorithm error is typically on the order of 50 percent for global application of most
bio-optical agorithms (e.g., O’'Reilly et al., 1998). However, tuning of algorithms can result in
algorithm error as low as 20 percent for specific regions. For example, a comparison shown in
Figure 3 of retrieved and in situ chlorophyll for aregion in the equatoria Pacific resultsin RMS
error of 18.1 percent. In situ chlorophyll and water-leaving reflectance were measured by C.
Davis on two cruises in the region in spring and fall of 1992, and the retrieved values are from
the Carder algorithm parameterized for unpackaged pigments.

A bio-optical agorithm error of 18% was estimated by using in situ measured reflectance and
chlorophyll data. The in situ data already bears the error of instruments used in shipboard
measurements of seawater reflectance and chlorophyll concentration. This kind of error should
be excluded while estimating the bio-optical algorithm error itself. Unfortunately, the
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measurement errors are not well known. They are not reported along with data used in bio-
optical algorithm error estimations. This bio-optical algorithm error of 18% gives the upper
estimate of inherent algorithm error.

The inherent chlorophyll algorithm error should include an uncertainty of chlorophyll retrievals,
which is due to the natural variability of optically active constituents not accounted for by the
chlorophyll algorithm. Reflectance and chlorophyll measurements are assumed to be ideal with
no error a al. The natural variability may include pigment species variability, pigment
packaging effects, variability of DOM absorption spectral slope, SPM concentration variability,
and SPM spectral backscatter variability. Bi-directional effects of the seawater reflectance also
contribute to natural variability uncertainty.

Theoretical estimates of the bio-optical algorithm error were achieved by simulations of
chlorophyll retrievals from the reflectance model (Morel, 1988) with perturbations introduced in
inherent optical properties (I0OPs). Perturbations were determined from uncertainties of the
reported empirical data (Bricaud et al., 1981). The spectrally correlated perturbations of 10Ps
modeled natural variability of optical properties. Depending on the type of spectral behavior of
perturbations, the Carder algorithm error was 6-9% in the best case and 13-18% in the worst
case. Hence, the bio-optical algorithm error of 10% was adopted as the lower estimate of the
inherent algorithm error. To illustrate difficulties in estimating the algorithm inherent errors
from reflectance and chlorophyll measurements, spectral reflectance measured for a narrow bin
of chlorophyll concentration is shown in Figure 4, the data for which were taken from SeaBAM
data sets. It is clear that band radiance ratios, which the algorithm uses, vary significantly while
the chlorophyll concentration is almost constant.

The theoretical estimate of the random bio-optical algorithm error is valid for Case 1 waters
only. For Case 2 waters with chlorophyll concentration greater than about 2-3 mg/m’, the
empirical estimate of the random bio-optical algorithm error is currently used in the chlorophyll
error budget. The precision of the chlorophyll retrievals from the Carder a gorithm parameterized
for global application was estimated by using remote sensing reflectances and chlorophyll
concentrations from the SeaBAM datasets (O’ Rellly et al., 1998). Because the SeaBAM datasets
lack information for high chlorophyll concentrations, the chlorophyll precision was determined
by averaging al available chlorophyll concentrations greater than 3 mg/m®. The resulting
algorithm precision is about 30%. This estimate gives the upper limit of the algorithm random
error for Case 2 waters. Hence, a bio-optical agorithm random error of 20% representing the
mean error was adopted. This best estimate accounts for possible future improvement to the
Carder agorithm performance, for example, by the regional adjustment of the pigment
packaging parameter used by the algorithm.

The systematic chlorophyll algorithm error is caused by approximations made in the remote
sensing reflectance model and parameterization of the IOPs. An estimate of the systematic
algorithm error was done by comparison of in situ measured and retrieved chlorophyll
concentrations. The accuracy of the chlorophyll retrievals from the Carder algorithm
parameterized for global application was estimated by using remote sensing reflectances and
chlorophyll concentrations from the SeaBAM dataset (O'Rellly et a., 1998). The chlorophyll
accuracy strongly depends on the chlorophyll concentration. Therefore, the algorithm systematic
error was stratified over the chlorophyll measurement range. The following best estimates of the
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systematic algorithm error were adopted. The error is equal to 15% for chlorophyll
concentrations Chl < 0.1 mg m™, 10% for 0.1 < Chl < 1.0 mg m™, 20% for 1.0 < Chl < 10.0 mg
m3, and 30% for Chl > 10 mg m™. These estimates of the algorithm systematic error were used
in the chlorophyll error budgets.

Fquatorial Pacific Dataset
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Figure 3. Comparison of chlorophyll retrievals with
in situ data for equatorial Pacific subset.

3.4.2 Sensor Noise Sensitivity Study

Algorithm sensitivity to sensor radiometric noise was studied using simulated reflectance
spectra. Top-of-atmosphere (TOA) radiances over the ocean were simulated at 412, 445, 488,
and 555 nm using the 6S code of Vermote et al. (1997). This code uses the reflectance model for
Case 1 waters (Morel, 1988) to smulate water-leaving radiance for a given chlorophyll
concentration and performs forward transfer to the top of the atmosphere. The simulations were
conducted for March 21, and standard atmospheric parameters used for the simulations are water
vapor content 0.85 g/cm?, ozone content 0.395 cm atm, aerosol type maritime, visibility 23 km,
and wind speed 5 m/s. Simulations were calculated over a grid covering the VIIRS orbit swath
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from —75 to +75 degrees latitude and from -54 to +54 degrees sensor zenith angle
(corresponding to a swath width of 2400 km), for the 9:30 am orbit or the 1:30 pm orbit.

Use of the Morel 1988 reflectance model was chosen after comparison of the predictions of three
reflectance models with ship-based measurements from the SeaBAM data set. The comparison is
shown in Figure 4. The triangles in the figure show SeaBAM measurements of the remotely
sensed water-leaving reflectance as a function of wavelength for positions where in situ
measurements of chlorophyll concentration were within 2 percent of 0.1 mg/m®, avalue typical
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Figure4. Remote-sensing reflectance spectra of the SeaBAM data sets, for in situ
chlorophyll concentration between 0.098 and 0.102 mg m™, compared with different
reflectance models.

for the open ocean. Predicted water-leaving reflectances for this chlorophyll concentration are
shown as diamonds for the Morel 1988 model, as asterisks for a new version of the Morel model
that includes the most recent pure water absorption coefficients (Pope and Fry, 1997; Sogandares
and Fry, 1997), and as plus signs for arecent model developed by K. Carder that is an inverse of
the Carder chlorophyll retrieval algorithm (Carder et al., 1997) for unpackaged pigments. The
figure shows that the Morel 1988 model provides the most redlistic prediction of water-leaving
reflectance at low chlorophyll concentrations. The Carder retrieval algorithm for unpackaged
pigments is more appropriate for gelbstoff-rich subtropical waters of outer continental shelves
than for the global waters in the SeaBAM data set. An inverse of the Carder retrieval algorithm

Raytheon SRBS Document # Y 2408 17



NPOESSVIIRS Ocean Color/Chlorophyll

parameterized for global waters predicts water-leaving reflectances that are in better agreement
with the SeaBAM measurements; this model may be adoped for use in our future simulations.

Sensor noise was added to the ssimulated TOA radiances for each of the seven VIIRS sensor
performance models described in Hucks (1998). The sensor model 1 has an “effective aperture
diameter” of 29 cm. Each subsequent sensor model has the effective aperture diameter of 5 cm
less. All other sensor parameters are fixed for the sensor models. However, the sensor noise
models do not necessarily imply those aperture sizes. Noise-equivalent delta radiance (NEdN)
was calculated following Hucks (1998). NEdN values calculated for a single VIIRS pixel were
reduced by the square root of the number of pixels aggregated to meet the horizontal cell size
requirement for chlorophyll. Sensor model O is the noise free case ssmulated to provide quality
statistics in the absence of sensor noise.

NEdN was calculated for each band and for each viewing geometry used in the TOA radiance
simulation. Two methods were used for the addition of sensor noise and the subsequent
determination of chlorophyll precision. In one method, 100 different random samples of the
Gaussian noise distribution were obtained for each band and for each viewing geometry in agrid
of 7 sensor zenith angles x 16 latitudes covering the viewing swath. This provided 100 different
maps on this grid of noise-added simulated radiance in each band. Retrieval was performed to
obtain 100 different chlorophyll maps, and chlorophyll precision at each position was calcul ated
as the standard deviation of the 100 chlorophyll values divided by the mean of the chlorophyll
values. In the other method, the noise distribution was sampled only once at each position in a
much finer grid covering the swath, giving one map of noise-added simulated radiance in each
band. The mean chlorophyll precision over the swath was calculated as the standard deviation of
all retrieved chlorophyll values divided by the mean of all retrieved values.

Retrieval of chlorophyll concentration from TOA radiances is performed in two steps.
Atmospheric correction is performed to obtain water-leaving reflectances in the visible bands,
and a bio-optical algorithm is then used to retrieve chlorophyll concentration from the water-
leaving reflectances.

Table 5 lists values of chlorophyll precision due to sensor noise in the visible bands, averaged
over the 1:30 PM or 9:30 AM viewing swath, for a series of 13 different simulations.
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Table5 Chlorophyll Precision (%) Dueto Sensor Noise

Sensor Simulation Number

M odel 1 2 3 4 5 6 7 8 9 10 11 12 13
1 74| 118 | 16.0| 10.0 8.7 99| 10.0 7.2 5.0 5.1 8.2 2.2 35
2 99| 170 193| 132| 116| 13.7| 139 9.6 6.4 6.0 10.3 2.7 45
3 115| 20.0| 26.7| 152| 130| 16.0| 152 11.2 7.2 76| 132 3.2 5.6
4 16.0| 26.2| 403| 205| 181| 21.3| 229 | 155 9.7/ 10.2| 186 47 7.8
5 305| 386 138 | 420| 298| 50.3| 615| 301| 169 | 209| 333 9.2 151
6 408 910 717 | 818 ** 1441 698 | 351 155 112 ** | 282 *

The ** indicates a value greater than 1000. Simulation 1 isanomina simulation for chlorophyll

concentration of 0.1 mg/m® using the Morel 1988 model for water-leaving reflectance,

atmospheric visibility of 23 km, aggregation to 1.3 km cellsize, and baseline bandwidths of 15,
20, 10, and 21 nm at wavelengths 412, 445, 488, and 555 nm, respectively. Mean chlorophyll
precision for simulation 1 was calculated over a 1:30 pm orbit swath of width 2400 km at
positions where the solar zenith angle isless than 70 degrees. The other ssimulations are
variations on Simulation 1, as shown in Table 6.

Table6 Variationson Simulation 1

Simulation Number

Difference(s) From Simulation 1

2

Chl = 1.0 mg/m3

Chl = 5.0 mg/m3

Visibility 5 km

9:30 am orhit

Carder water-leaving reflectance model

All bandwidths 20 nm

1800 km swath width

O N0 |Ww

Chl = 1.0 mg/m3, 1800 km swath width

2.6 km cellsize

=
o

Chl=1.0 mg/m3, 2.6 km cellsize

Figure 5 shows how the precision due to visible band sensor noise varies over the 1:30 PM orbit
swath for Simulation 1. Figures 6 through 8 show comparisons of mean precision from different
simulations, as afunction of sensor performance model.
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Figure 5. Contour maps of chlorophyll precision due to sensor noise in the visible bands
over the viewing swath of the 1:30 pm orbit for Simulation 1. The contour labels give
precision in percent. The full range of sensor zenith angle shown corresponds to a swath
width of 2400 km. The threshold value for minimum swath width for chlorophyll is 1700
km (TBR), which corresponds to a range of -37 to +37 degrees in viewing zenith angle of
the sensor.
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Figure 6. Mean chlorophyll precision due to noise in visible bands as a function of sensor
performance model, for different chlorophyll concentrations (s mulations 1-3).
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Figure 7. Comparison of mean precision due to visible band sensor noise when different
water-leaving reflectance models are used in the simulation. The Carder reflectance model
results in poorer precision because it gives lower water-leaving reflectance (and hence
lower signal-to-noiseratio) in the blue bands (see Figure 2).
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Figure 8. Dependence of mean precision due to visible band sensor noise on bandwidth of
visible bands, for chl = 0.1 mg/m® (simulations 7-9).

3.4.3 Sensitivity Study Conclusions

During phase I, VIIRS sensor performance model 3 was recommended as sufficient to meet the
chlorophyll precision requirement of 20 percent, at least for typical open ocean chlorophyll
concentrations and atmospheric conditions. Much iteration of sensor specifications occurred
subsequent to this recommendation but the minimum requirement has been maintained with
additional engineering margin applied. Please see sensor specification for presently specified
SNR values. Table 7 lists values of precision averaged over a bin at the edge of the 1:30 pm orbit
swath, where in-scan position is between 600 and 900 km and solar zenith angle is less than 70
degrees. (A minimum swath width of 1,700 km has been specified for VIIRS chlorophyll
retrievals because sensors in 9:30 am and 1:30 pm orbits provide nearly complete global
coverage in 48 hours for a swath width of 1,700 km. 48 hours is the threshold for maximum
local average revisit time.) Results are shown for chlorophyll concentration values of 0.1, 1, and
5mg m™ (Simulations 1-3 described above). Precision values listed were calcul ated as the square
root of the sum of the squares of chlorophyll precision due to sensor noise and chlorophyll
precision due to algorithm error. A value of 18 percent was adopted for the precision due to
algorithm error in all cases. Table 8 lists the fraction of the bin area for which the chlorophyll
precision is better than 20 percent, for the same simulations.
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Table7. Mean Chlorophyll Precision (%) for 1:30 pm Orbit

Chlorophyll Sensor Sensor Model | Sensor Model | Sensor Model | Sensor Model Sensor

(mg m-3) Model 0 1 2 3 4 Model 5
01 18.0 19.1 19.7 20.3 22.4 32.7
1.0 18.0 22.0 23.3 24.9 29.4 48.1
5.0 18.0 23.8 26.6 36.9 42.0 95.1

Table 8 Fraction of Area Meeting the 20% Precision Threshold for 1:30 pm orbit

Chlorophyli( Sensor Sensor Model 1 | Sensor Model | Sensor Model | Sensor Model Sensor
mg m°) Model 0 2 3 4 Model 5
01 1.00 0.88 0.81 0.73 0.35 0.00
1.0 1.00 0.46 0.35 0.27 0.00 0.00
5.0 1.00 0.42 0.23 0.08 0.00 0.00

Meeting the 20 percent precision threshold is much more difficult for coastal regions than for the
open ocean, because the chlorophyll concentration is larger (vaues typically 1.0 mg/m® and
higher, compared to atypical open ocean value of about 0.2 mg/m®). The results given in Tables
6 and 7 arefor acell size of 1.3 km.

The agorithm error component of 18 percent is generaly the largest contributor to the error
budget for the better sensor models, and this is the most difficult of the components to assess
because it requires predicting algorithm performance 10 years from now when NPOESS is
launched. Table 9 provides precision results calculated as above but without including the
algorithm error.

Table9 Mean Chlorophyll Precision dueto Sensor Noise (%) for 1:30 pm or bit

Chlorophyll Sensor Sensor Model | Sensor Model | Sensor Model | Sensor Model Sensor
(mg m?) Model 0 1 2 3 4 Model 5
01 0.0 5.8 7.2 8.6 12.3 25.7
1.0 0.0 11.5 13.6 16.1 22.3 43.4
5.0 0.0 13.8 17.8 29.4 35.9 9221

The global frequency distribution of a given chlorophyll concentration can be provided by using
biological classification of ocean waters. All ocean waters are roughly divided into three
categories: oligotrophic waters with chlorophyll Chl < 0.1 mg/m®, mesotrophic waters with
chlorophyll 0.1 mg/m® < Chl < 1.0 and eutrophic waters with chlorophyll Chl > 1.0 mg/m®.
According to CZSC-derived global chlorophyll statistics (Antoine et al., 1996), oligotrophic
waters comprise 55.8% of the ocean area, mesotrophic waters comprise 41.8% of the ocean area,
eutrophic waters comprise 2.4% of the ocean area. These numbers give an insight into the
frequency of specific chlorophyll concentrations on global scale.
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A comparison of the precision at nadir and at the edge of scan is given in Figure 9 for different
chlorophyll concentration (bio-optical algorithm error of 10% was adopted in these simulations).
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Figure 9. Comparison of the chlorophyll precision at nadir and at the edge of scan.

Figure 9 shows that the chlorophyll precision at nadir is considerably better than at the edge of
scan, under the conditions described above. To improve the chlorophyll precision at the edge of
scan a statistical approach can be used for overlapping data measured by two satellites for two
days. The best viewing geometry values for two sensors measuring for two days is an
aternative.

Overal performance of the Carder algorithm was also evaluated on a global scae. A SeaWiFS
monthly map of chlorophyll concentration was used as input for calculating water-leaving
radiance by using the Case 1 water reflectance model (Morel, 1988). To avoid inconsistency
between the reflectance model and the retrieving algorithm, the chlorophyll concentrations were
first retrieved from calculated remote-sensing reflectance by using the Carder agorithm and
those chlorophyll concentrations were considered as true. TOA radiances were calculated by
using forward modeling with the exact matrix method of radiative transfer in the atmosphere.
Gaussian radiometric noise corresponding to baseline and spectrally correlated sensor calibration
error of 0.5% were added to the TOA radiances. Atmospheric correction of the error-added TOA
radiances was performed to retrieve the remote sensing reflectance in the visible bands. The
Carder bio-optical algorithm was applied to the remote sensing reflectance to retrieve the
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chlorophyll concentration. The retrieved chlorophyll concentrations were compared to the true
concentrations for each pixel.

To estimate the chlorophyll accuracy and precision, arange of true chlorophyll concentrationsin
the logarithmic scale was divided into 10 equal bins. For each bin mean values of the true
chlorophyll concentration, w7, and the retrieved chlorophyll concentration,u, were calculated.
The chlorophyll accuracy for each bin was determined as.

A=lu-prll (15)

and the chlorophyll precision was calculated as:

\/Z[CRi -G —(h—py )] (N-1)
p=1= " (16)

where Cr is the retrieved concentration for given pixel, Cr is the true concentration, and N is the
number of retrievals for the bin. The above definition of the chlorophyll precision (suggested in
Miller, 1998) accounts for variance of true vaues within the bin. In other words, precision
corresponds to the bias-adjusted RMS for situations with variable truth. The chlorophyll
accuracy and precision are shown in Figure 10 as a function of the true chlorophyll
concentration. Relative chlorophyll concentration frequency is also shown in Figure 10. Asit can
be seen from Figure 10 the algorithm performance is quite good except for high chlorophyll
concentrations.
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Figure 10. Global chlorophyll accuracy and precision as a function of true chlorophyll
concentration.

3.4.4. Sensor Specification and Predicted Performance

Final simulations were done for radiometric noise corresponding to sensor specification and
predicted performance. A general scheme of the simulations is shown in Figure 11. For a given
chlorophyll concentration, the remote sensing reflectance was calculated using reflectance
models for Case 1 and Case 2 waters. For Case 1 waters, the well-known reflectance model
suggested by Morel (1988) was used. For Case 2 waters, a reflectance model based on empirical
regressions (Tassan, 1994) was used (Vasilkov, 1997). According to this model, suspended
particulate matter (SPM) concentration is higher for a given chlorophyll concentration than for
the Case 1 reflectance model. The model can be referred to as a sediment-rich reflectance model.

TOA radiances were calculated using the adapted two-layer model after Gordon and Wang
(1994) and a radiative transfer code by Liu and Rupert (1996). A maritime aerosol model with
humidity of 80% was used in simulations of the TOA radiances. This aerosol model having
humidity of 80% was not included in candidate models of the atmospheric correction algorithm.
Most simulations were done for a baseline visibility range of 23 km corresponding to aerosol
optical thickness of 0.15 at wavelength of 550 nm. Simulation geometries correspond to the
13:30 satellite orbit.

The TOA radiances were perturbed by Gaussian radiometric noise representing both sensor
specification and predicted performance [# PS154640-101A]. A spectrally correlated calibration
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error of 0.5% was added to the TOA radiances. The value of the calibration error is believed to
be reasonable for the post-launch vicarious calibration of the sensor and algorithms (Gordon,
1997). The TOA radiances were also perturbed by a whitecap reflectance error corresponding to
an uncertainty in wind speed of 1 m/s at a nomina value of wind speed of 6 m/s. Sensor
polarization sensitivity was assumed to be equal to 3% in al visible and NIR bands with an
uncertainty of 0.5%.

Adding Sensor
Sensor | Noise, Cal and
Model "| Whitecap Errors
Atmospheric
Correction
Orhit | Atmospheric
M odel "| Path Radiance

A

/\__/\\f\____/\
v

T Chl_» Reflectance Bio-optical » Retrieved
rue Model Algorithm Chl

Figure 11. Shows a general scheme of simulations carried out to estimate the chlorophyll
accuracy and precision for sensor specification and predicted performance.

Atmospheric correction was applied to the perturbed TOA radiances to retrieve remote sensing
reflectances. The atmospheric correction algorithm (Gordon and Wang, 1994) was modified to
include sensor polarization sensitivity correction. More details can be found in the Atmospheric
Correction over the Ocean ATBD (SRBS Document # Y2411, version 5, 2002). Chlorophyll
concentrations were retrieved from the remote sensing reflectances using the Carder bio-optical
algorithm. Retrieved chlorophyll concentrations were compared to the true chlorophyll
concentrations and chlorophyll precision and accuracy were caculated. The chlorophyll
precision significantly depends on both the solar zenith angle (SZA) and viewing geometry.
Therefore, the chlorophyll precison was calculated at nadir and edge of swath (EOS) by
averaging over SZA of the satellite orbit. The chlorophyll accuracy appeared to be almost
independent of viewing geometry.
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The chlorophyll precision for the EDR is shown in Figure 12 as a function of true chlorophyl|
concentrations. The Case 1 water reflectance model was used. Pixel aggregation reducing the
radiometric noise effects in al bands was made to the cell size of 2.6 km. The chlorophyll
precision threshold and objective are aso shown in the figure along with system specification. It
is seen from Figure 12 that sensor predicted performance is substantially better than the sensor
specification performance for high chlorophyll concentrations.
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Figure 12. Shows chlorophyll precision as a function of chlorophyll concentration for
radiometric noise of sensor specification and predicted performance. The chlorophyll
precision isshown at nadir and edge of swath (EOS). System specification is shown in a
solid line,

The chlorophyll accuracy for the EDR is shown in Figure 13 as a function of true chlorophyl|
concentrations. The chlorophyll accuracy threshold and objective are also shown in the figure
along with system specification. It is seen from Figure 13 that the sensor predicted performance

is dlightly better than the sensor specification performance only for high chlorophyll
concentrations.
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Figure 13. Shows chlorophyll accuracy as a function of chlorophyll concentration for the
moder ate resolution product. A-Specisshown in a solid line.

The sediment-rich reflectance model was used for regions within 370 km of a coastline. This
reflectance model has larger values of remote sensing reflectance for a given chlorophyll
concentration than the reflectance model for open ocean waters. Therefore, the effects of sensor
radiometric noise are smaller. Pixel aggregation of 3 by 3 at nadir was made only for the NIR
bands supporting the atmospheric correction algorithm. No pixel aggregation was made for the
visible bands. This approach is based on a reasonable assumption that horizontal gradients of the
atmosphere are smoother than horizontal gradients of the ocean. The approach alows significant
reducing the effects of sensor radiometric noise on atmospheric correction. The chlorophyll
uncertainty for the fine resolution product is shown in Figure 14 as a function of true chlorophyll
concentrations. The chlorophyll uncertainty threshold is also shown in the figure along with
system specification. It is seen from Figure 14 that the sensor predicted performance is quite
close to the sensor specification performance for all chlorophyll concentrations.
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Figure 14. Shows chlorophyll uncertainty as a function of chlorophyll concentration.

3.45 VIIRS Specification versus SeaWiFS Performance and MODIS Specification

It is of interest to compare VIIRS system specification with specification and performance of
current ocean color sensors. SeaWiFS and MODIS. Such a comparison is made in Table 10 for
the similar resolutions. MODIS specification numbers were obtained from EOS Science Plan
(1999). SeaWiFS performance was evaluated in Aiken et al. (1998) by a comparison of the in
situ measured and satellite-derived chlorophyll concentrations.

Table 10 Comparison of VIIRS system specification for the moder ate resolution product
with M ODI S specification and SeaWiFS performance

Chlorophyll VIIRS VIIRS VIIRS MODIS SeaWiFS
(mg m?) System Spec System Spec Uncertainty, % | Uncertainty, % Uncertainty, %
Accuracy, % Precision, %
0.1<Chi<1.0 15 20 25 30 35
1.0<ChI£10 30 30 42 60 worse than 35%
beyond
10.0<Chl 50 50 70 (TBD) 0.05<Chl«1

The VIIRS chlorophyll uncertainty may be improved further for high chlorophyll concentrations
as part of the potential pre-planned product improvements to the algorithm performance on the
basis of MODIS experience, for example, by regional adjustment of the pigment packaging
parameter.
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3.5 PRACTICAL CONSIDERATIONS

3.5.1 Numerical Computation Considerations

The algorithm is computationally fast and suitable for operational use.
3.5.2 Programming and Procedural Considerations

The agorithm makes use of a numerical solution of two algebraic equations. A computer code is
written in ANSI C. All algorithm parameters are read in from afile.

3.5.3 Configuration of Retrievals

A configuration file is used to establish the numerical values of adjustable parameters used
within the retrieval, e.g., a parameter defining whether the “packaged,” “unpackaged,” or
“global” version of the algorithm should be used, parameters describing the normalized pigment
absorption coefficient, and empirically derived constants in the empirical band-ratio algorithm
used by default. This avoids specific values in the software and allows adjustment of the
algorithm to specific ocean areas, such as coastal waters.

3.5.4 Quality Assessment and Diagnostics

A number of parameters and indicators will be reported in the Chlorophyll Product as retrieval
diagnostics. Included among these are parameters of the configuration file and statistical
information regarding the processing.

3.5.5 Exception Handling

Chlorophyll retrievals are performed only if the atmospheric correction agorithm provides
positive values of water-leaving radiances in the VIIRS visible bands at 412, 445, 488, and 555
nm. If the algorithm results in chlorophyll concentrations above a predetermined maximum
value, algorithm outputs will be set to —1.

3.6 ALGORITHM VALIDATION

Vaidation of the agorithm will rely on in situ measurements of spectral water-leaving
reflectance and the chlorophyll a concentration. Please see the agorithm validation
recommendation for Atmospheric Correction Over the Ocean, Y 2389.

Raytheon SRBS Document #: Y2408 31



NPOESSVIIRS

Ocean Color/Chlorophyll

Raytheon

SRBS Document #: 'Y 2408

32



NPOESSVIIRS Ocean Color/Chlorophyll

4.0 ASSUMPTIONS AND LIMITATIONS
4.1 ASSUMPTIONS

The following assumptions have been made with respect to the chlorophyll retrievals described
in this document.

e Water-leaving reflectances at the VIIRS visible band wavelengths are available from an
atmospheric correction algorithm.

e Water-leaving reflectance is described as a function of the ratio of the total backscattering
coefficient to the total absorption coefficient.

e The spectral dope of the DOM absorption coefficient is empirically determined.

o Parameters of the SPM backscattering coefficient are empirically correlated to the remote-
sensing reflectance.

4.2 LIMITATIONS
The following limitations apply to the chlorophyll retrieval described in this document.

¢ Retrievalswill not be performed over a pixel for which atmospheric correction fails, resulting
in zero or negative water-leaving radiance in VIIRS visible bands 412, 445, 488, and 555 nm.

e ThisEDR will not be retrieved in sunglint regions.
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